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In herpesviruses, homologues of glycoprotein B (gB) are essential membrane proteins which are involved in fusion.
However, there is no clear evidence regarding the location of the fusogenic domain on gB. By using bovine herpesvirus 1
(BHV-1) as a model, we studied the relationship between the structure and the fusogenic activity of gB. This was achieved
by expressing genes of different gB derivatives containing specific truncations at the end of segments 2 or 3 of the
transmembrane region in Madin–Darby bovine kidney cells under the control of the bovine heat-shock protein hsp70A gene
promoter. All expressed gB products were structurally similar to authentic gB. One truncated form of gB, gBt, which contains
residues 1–763, was efficiently secreted. However, gBtM (residues 1–807), which includes the first two segments at the
carboxyl terminus, showed unstable retention on the cell surface, whereas gBtMA (residues 1–829), which contains all
three membrane-spanning segments, was mostly intracellularly retained with some unstable surface anchorage. Another
truncated gB, gBtDAF, which has gB residues 1–763 (gBt) and a human decay-accelerating factor (DAF) carboxyl tail, was
also expressed. The DAF fragment provided a signal for the addition of a glycosyl phosphatidylinositol-based membrane
anchor, which could target the gBt chimeric protein on the cell membrane. Immunofluorescence staining and pulse–chase
kinetic studies support the theory that gBtM, gBtMA, and gBtDAF are retained on nuclear and cellular membranes via
different segments of the transmembrane region or the DAF fragment, respectively. For the cells expressing gBt or gBtM,
no cell fusion was observed, whereas cells expressing gBtMA clearly showed fusion. However, in gBtDAF cells, the overex-
pression and cellular accumulation of recombinant gB products did not cause fusion either, which supports our contention
that the fusion phenomenon in gBtMA cells is caused by the fusogenic activity of the expressed gBtMA. With the help of
sequence analysis, our results indicate that segment 2 of the transmembrane anchor region might be a fusogenic domain,
whereas the real anchor is segment 3. q 1997 Academic Press
INTRODUCTION viral envelope with the plasma membrane of host cells,
a virus may release its genome into the cells and initiate
Entry of enveloped viruses into host cells requires fu-
infection.
sion of the viral envelope with the host cell membrane,
Herpesviridae is a large family of DNA viruses, which
which is mediated by viral fusion proteins in the envelope can cause disease in humans and different animals. Cur-
(White, 1990; 1992). Among the 13 families of enveloped rently, the entry pathways for many herpesviruses are
RNA or DNA viruses, 8 have been found to have mem- found to be similar in that the virus first binds to heparan
brane fusion proteins (White, 1990). The best example sulfate proteoglycans (HS) on permissive cells. This ini-
is hemagglutinin of influenza virus, which undergoes a tial interaction is followed by sequential interactions be-
conformational change to expose the fusion domain and tween viral glycoproteins and the corresponding cellular
fuse the membrane under low pH conditions (Bentz et receptors (for a comprehensive review, see Spear, 1993).
al., 1993). Such pH-dependent fusion can also be found Through cooperative interactions between various virus
in Rhabdoviridae, Alphaviridae, and Flaviviridae (Steg- and host cell components, the virus fuses with the cell
mann et al., 1989). In some other virus families, including membrane in a pH-independent way which internalizes
Coronaviridae, Paramyxoviridae, and Retroviridae, the fu- the nucleocapsids into the cytoplasm of the cell. By using
sogenic glycoproteins can mediate fusion at neutral pH monoclonal antibodies and virus mutants, it has been
in a pH-independent manner (White, 1990). By fusing the found that glycoprotein B (gB), gD, gH, gK, and gL are
essential for herpes simplex virus type 1 (HSV-1) infec-
tion (Cai et al., 1988; Ligas and Johnson, 1988; Fuller etPublished as VIDO journal series No. 215.
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966-7478. However, the attached virions can be delivered into the
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cells in the presence of the chemical fusogen, polyethyl- recombinant gB products in the cells. This provided ex-
perimental evidence that residues 785–805 may consti-ene glycol, suggesting involvement of these glycopro-
teins in fusion activity (Fuller and Spear, 1987; Fuller et tute the fusogenic domain for BHV-1 gB, a segment with
structural features typical for a fusion domain.al., 1989). Direct evidence of fusogenic glycoproteins in
herpesviruses comes from virus mutants and the expres-
sion of viral glycoproteins in mammalian cells. In HSV- MATERIALS AND METHODS
1, mutations in gB or gK can generate syncytium mutants
Virus, cells, and reagents(Bzik et al., 1984; Highlander et al., 1989; Hutchinson et
al., 1992; Gage et al., 1993), but gK is believed to be a The BHV-1 Cooper strain was obtained from the Na-
fusion inhibitor, which modulates fusion, rather than a tional Veterinary Services Laboratories, Ames, Iowa, and
real fusion protein (Hutchinson et al., 1992, 1993, 1995, was propagated in Madin–Darby bovine kidney (MDBK)
1995a). Expression of gB or gD in mammalian cells cells grown in minimum essential medium (MEM;
shows that they can cause cell fusion (Ali et al., 1987; GIBCO/BRL, Burlington, Ontario) supplemented with 10%
Campadelli-Fiume et al., 1988; Tikoo et al., 1990); how- fetal bovine serum (FBS; GIBCO/BRL). Lipofectin and
ever, the function of gD in cell fusion remains to be further G418 were from GIBCO/BRL; Tran[35S]-label, which in-
proved (Fehler et al., 1992; Peeters et al., 1992; Liang et cludes radiolabeled methionine and cysteine (Met/Cys),
al., 1995). For HSV-1 gH, although the cytoplasmic tail was from ICN (Mississauga, Ontario).
has been shown to be required for syncytium formation
(Wilson et al., 1994), there is no direct evidence that this Construction of transfer vectors and establishing
protein can be the fusion protein. Therefore, the only transfected cell lines
confirmed fusogenic glycoprotein so far is gB. Glycopro-
By conventional gene manipulation techniques, wetein B is a predominant glycoprotein in the herpesvirus
constructed transfer vectors which contain different trun-envelope and also belongs to the most conserved family
cated gB genes (Fig. 3). The plasmid p3KHSPG4HU (Ko-of herpesvirus glycoproteins (Pereira, 1994). The gB ho-
walski et al., 1993), which contains a truncated BHV-1 gDmologues in at least some herpesviruses have been
gene under the control of the bovine heat-shock proteinshown to be functionally interchangeable (Rauh et al.,
hsp70A gene promoter and the aminoglycoside phos-1991; Kopp and Mettenleiter, 1992; Mettenleiter and
photransferase gene under the control of the SV40 earlySpear, 1994). The conservation of gB in all herpesviruses
promoter, was used as the parental plasmid for con-suggests that gB plays an important role in viral infection,
structing transfer vectors.which is most likely related to its distinct fusion activity.
To establish gB expressing cell lines, approximately 4Studies on the fusogenic domain of gB have been mostly 1 106 MDBK cells were transfected with 5 mg of thecarried out by syncytium mutations and monoclonal anti-
transfer vector using Lipofectin (GIBCO/BRL); after trans-bodies (Bzik et al., 1984; Pereira et al., 1984; Britt et al.,
fection, the cells were grown in the presence of 666 mg/1988; Kousoulas et al., 1988; Highlander et al., 1988,
ml of G418. The G418-resistant cells were screened for1989; Navarro et al., 1992, 1993; Tugizov et al., 1994).
gB production by an immune dot blot assay using gB-However, there is no direct evidence for its existence in
specific monoclonal antibodies (Kowalski et al., 1993).the gB ectodomain (Pereira, 1994).
The positive cells were isolated and subjected to singleBovine herpesvirus 1 (BHV-1) is a member of the alpha-
cell cloning.herpesviruses and a viral pathogen for cattle. There are
at least nine membrane-associated glycoproteins in 35S Labeling and immunoprecipitation
BHV-1 (Misra et al., 1981; 1988; Bolton et al., 1983; Mar-
shall et al., 1986; Whitbeck et al., 1988; Fitzpatrick et al., To label BHV-1 glycoproteins, confluent MDBK cells
were infected with wild-type BHV-1 at a m.o.i. of 5 for 11989; Tikoo et al., 1990; Meyer et al., 1991; Leung-Tack
et al., 1994; Khattar et al., 1995; Khadr et al., 1996). Among hr at 377 and then incubated with MEM containing 5%
FBS at 377 for 5 hr. After the cells were starved in Met/them, three major glycoproteins, gB, gC, and gD, have
been found to mediate virus entry (Liang et al., 1991; Li Cys-free MEM (GIBCO/BRL) for 30 min, they were labeled
in 50 mCi/ml of [35S]Met/Cys in Met/Cys-free MEM withet al., 1995). Previously, it has been found that gB-specific
antibodies possess postadsorption neutralization activity 2% dialyzed FBS at 377 for 12–16 hr. The cells were
collected and washed in phosphate-buffered saline [PBSand block penetration (Dubuisson et al., 1992) and ex-
pression of gB in transfected cells can induce syncytium (pH7.2)] and then lysed in radioimmunoprecipitation
assay (RIPA) buffer [50 mM Tris–HCl (pH 7.5), 150 mMformation caused by membrane fusion (Fitzpatrick et al.,
1988, 1990a; van Drunen Littel-van den Hurk et al., 1992). NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1%
sodium dodecyl sulfate (SDS), 0.02% NaN3] on ice for 30Based on protein sequence analysis of the C-terminal
subunit, gBc, we investigated the function of the three min. After centrifugation at 15,000 g for 30 min, the cell
lysate was used as the labeled BHV-1 glycoprotein frac-potential membrane-spanning segments in the trans-
membrane region. We generated stable cell lines ex- tion.
To label gB products from the transfected MDBK cells,pressing different gB derivatives and characterized the
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cells were first heat-shock-treated (437, 4 hr) and then precipitated with a gB-specific monoclonal antibody pool
and separated on SDS–7.5% polyacrylamide gels understarved and labeled as above. After labeling, the cells
and supernatants were harvested separately for immuno- nonreducing conditions.
precipitation assays.
Flow cytometric analysis and Triton X-114 partitioningIn the immunoprecipitation assay, samples were incu-
of gBtDAF surface expressionbated for 1 hr at room temperature with an appropriate
mixture of monoclonal antibodies (van Drunen Littel-van
To demonstrate that gBtDAF was targeted on the cell
den Hurk et al., 1992) or with specific individual monoclonal
membrane via the GPI anchor, gBtDAF-expressing cells
antibodies, followed by incubation with protein A Sepha-
were treated by phosphatidylinositol-specific phospholi-
rose for 1 hr. After five washes with RIPA, the precipitated
pase C (PI-PLC) and detected by flow cytometric analysis.
proteins were dissociated by boiling in 50 ml of sample
The gBtDAF cells were heat-induced and carefully trypsin-
buffer [62.5 mM Tris–HCl (pH 6.8), 1.25% SDS, 12.5% glyc-
ized. Cells were washed in MEM containing 2% heat-
erol, 0.001% bromophenol blue]. All the samples were
inactivated FBS and 0.05% sodium azide (washing solu-
loaded onto SDS–7.5 or 8.5% polyacrylamide gels under
tion). About 107 cells were resuspended in 1 ml MEM.
reducing or nonreducing conditions. Following electropho-
Subsequently, half of the cells was treated with 5 mg PI-
resis, the gels were fixed for 30 min, then soaked in Amplify
PLC at 377 for 1 hr and the other half was used as an
(Amersham, Oakville, Ontario) for 30 min, dried under vac-
untreated control. After PI-PLC treatment, samples were
uum, and exposed to X-ray film at 0707.
washed with MEM, followed by PBS containing 0.2% gela-
tin and 0.03% sodium azide, and then resuspended in PBS.Immunofluorescence assay
Each cell sample was divided into two parts. One part was
incubated with a 1:1000 diluted gB-specific monoclonalMDBK cells or recombinant gB-expressing MDBK cells
were grown in glass chamber slides (Nunc Inc., Naper- antibody pool at 47 for 1 hr, followed by a 30-min incubation
with a 1:50 diluted FITC-conjugated goat anti-mouse IgGville, IL) to subconfluence. MDBK cells were infected with
BHV-1 at a m.o.i. of 0.01 for 12 hr, whereas the recombi- at 47 for surface staining; the other sample was only incu-
bated with secondary antibody to measure backgroundnant gB-expressing MDBK cells were treated at 437 for
4 hr and then returned to 377 for 8 hr. After washing with staining. The cells were washed, fixed with 2% paraformal-
dehyde, then analyzed with a Coulter Electronics Ltd.cold PBS containing 0.25% bovine serum albumin (BSA)
and 0.25% goat serum, the cells were fixed with 2% para- EPICS CS system flow cytometer.
In order to confirm that the membrane anchorage offormaldehyde at room temperature for 15 min for surface
staining or further permeabilized with methanol at 0207 gBtDAF is mediated by GPI, the Triton X-114 partitioning
profiles of gBt and gBtDAF were compared. Cells ex-for 15 min for intracellular staining. Cells were washed
and blocked with PBS containing 2% BSA and 2% goat pressing gBt or gBtDAF were labeled with [35S]Met/Cys
for 6 hr and collected in cold Tris-buffered saline [TBS,serum for 30 min and then incubated with gB-specific
monoclonal antibody pool at a dilution of 1:500 for 1 hr at 10 mM Tris–Cl, (pH 7.5), 150 mM NaCl]. After incubation
with TBS-precondensed Triton X-114 on ice for 15 min,room temperature. The second antibody was fluorescein
isothiocyanate (FITC)-conjugated goat anti-mouse IgG the cells were centrifuged to remove the particulate com-
ponents. The supernatant was incubated at 377 until the(Beckton–Dickinson, Mountain View, CA), which was
used at a dilution of 1:80 and incubated with the cells solution became cloudy and then centrifuged at 1000 g
for 10 min. Both the detergent-depleted phase and thefor 30 min in the dark. The cells were washed, desalted,
dried, and then mounted in citifluor glycerol (Ted Pella, detergent phase were collected separately and sub-
jected to immunoprecipitation to detect gB products.Inc., Redding, CA) and examined with the aid of a fluores-
cence microscope.
Sucrose density gradient centrifugation
Pulse–chase analysis of protein transport
To assess the oligomerization status of the recombi-
nant forms of gB, we performed sucrose density centrifu-BHV-1-infected MDBK cells or gB-expressing cells
grown in 6-well plates were used in this study. For BHV- gation essentially as described by Whealy et al. (1990).
One T-25 flask of radiolabeled cells was washed in cold1-infected cells, pulse–chase labeling was conducted at
6 hr postinfection. For gB-expressing cells, a heat-shock PBS and lysed in 0.3 ml lysis buffer [50 mM Tris, (pH
7.5), 5 mM EDTA, 150 mM NaCl, 1% Triton X-100] ontreatment was required before labeling. After starving for
methionine and cysteine in Met/Cys free medium at 377C ice for 30 min and then pelleted for 15 min at 47. The
supernatant was layered onto 5-ml continuous 5–20%for 30 min, cells were pulse-labeled at 377 for 10 min by
the addition of 200 mCi of [35S]Met/Cys/ml of medium. (w/v) sucrose gradients in lysis buffer. The centrifugation
was for 16 hr at 240,000 g in a SW50.1 rotor at 47 (Beck-Supernatants were removed and cells were further incu-
bated in Opti-MEM (GIBCO/BRL) containing 2 mM methi- man Inc., Mississauga, Ontario). A parallel tube with pro-
tein mass markers was included in the centrifugation.onine and cysteine. At indicated time points, supernatant
and cells were collected separately, and samples were After sedimentation, 15 fractions were collected from the
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brane regions from different herpesviruses (Fig. 2), we
found a conservative pattern in some sections of the
sequence and in their hydrophobicities as calculated by
Eisenberg’s method (1984). Among these transmem-
brane helices, both segment 2 and segment 3 have high
hydrophobicities. The hydrophobicity of segment 3 is
close to the average value of transmembrane domains
of 0.70 { 0.09, whereas the hydrophobicity of segment
2 corresponds with the average hydrophobicity of mem-
brane fusion peptides found in other viruses of 0.61 {
0.09 (White, 1990). Furthermore, it is of interest that in
segment 2, the glycine and alanine contents are also
comparable with the average in fusion peptides (36 {
7%; White, 1990), with the exception of EBV gB. Therefore,
it may be possible that segment 2 plays a role as a fusionFIG. 1. Normalized consensus hydrophobicity scale of BHV-1 gBc.
The sequence of gBc was analyzed by program AASCALE in PC/GENE domain while segment 3 is the membrane anchor of gB,
software to calculate Eisenberg hydrophobicity in a moving window of although these segments may not represent the accurate
11 amino acids (A) or 19 amino acids (B). Box ‘‘TMA’’ represents the functional domains.
potential transmembrane region. ‘‘X’’ indicates the highest position out
of the transmembrane region. Expression of different derivatives of BHV-1 gB in
MDBK cells
bottom. The entire sample in each fraction was subjected In order to study the potential function of different seg-
to a immunoprecipitation assay. The protein mass mark- ments in the transmembrane region of BHV-1 gB, a series
ers in this study were ferritin (440 kDa), catalase (250
kDa), and hexokinase (100 kDa) (Sigma, St. Louis, MO).
Sequence analysis
The PC/GENE software (Release 6.70, IntelliGenetics
Inc., Switzerland) was used to analyze protein se-
quences.
RESULTS
Sequence analysis of gB of BHV-1 and other
herpesviruses
Fusion domains identified in different viral fusogenic
proteins have been shown to share common properties.
They are hydrophobic, rich in glycine and alanine resi-
dues, and always located on the membrane anchored
subunit (White, 1990, 1992; Blobel et al., 1992). Since
BHV-1 gB undergoes proteolytic cleavage during its mat-
uration process, the possibility of an N-terminal subunit
located fusion domain is excluded. Therefore, we
searched for the hydrophobic regions along the C-termi- FIG. 2. Sequence alignment and hydrophobicity values of three seg-
ments in the herpesvirus gB transmembrane region. Sequences of gBnal subunit, gBc, in order to localize the potential fusion
from selected herpesviruses were aligned by using CLUSTAL (versiondomain (Fig. 1). We found that there appears to be no
1.20) in PC/GENE. S1, S2, and S3 represent three continuous segmentsobvious hydrophobic domains before the transmem-
in the transmembrane region. S3 is the closest to the cytoplasmic tail
brane region. The only hydrophobic peak, x, represents of gB. For each segment, the hydrophobicity value (H.I.) was calculated
a fragment that has no glycine or alanine residues and according to Eisenberg’s method (17), and the local concentration of
glycine and alanine (Gly/Ala) was also addressed. In the conservationthus is unlikely to be the potential fusion domain.
description, the ‘‘.’’ shows that a position is well conserved, and the ‘‘*’’The long potential transmembrane anchor region has
shows that a position is perfectly conserved. The name of the virusbeen found in gB of all herpesviruses, and it was sug-
and the corresponding residue number are indicated on the left. BHV-
gested that this fragment might span the membrane three 2, bovine herpesvirus type 2. EHV-1, equine herpesvirus type 1. HSV-
times as continuous, antiparallel a-helices (Pellet et al., 2, herpes simplex virus type 2. VZV, varicella zoster virus. EBV, Epstein–
Barr virus.1985). By sequence alignment of potential gB transmem-
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FIG. 3. Schematic diagram of BHV-1 gB and the truncated derivatives. BHV-1 gB is represented as a box structure where the signal sequence
(S) and transmembrane anchor region (TMA) are shaded. Amino acid sequences for both termini of the truncated forms of gB are presented with
the corresponding residue number. A fragment of 41 amino acids of the human decay-accelerating factor carboxyl tail is indicated in the open box.
The names of the truncated gB derivatives are listed on the left. The residues in parentheses are exogenous residues added during construction
of the mutant molecules.
of truncated gB derivatives with different C-termini were studies from our laboratory have shown that expression
of BHV-1 gB in MDBK cells can induce spontaneous cellexpressed. From the sequence analysis of BHV-1 gB,
the hydrophobicities of the three potential membrane- fusion (Fitzpatrick et al., 1990a), resulting in difficulty to
maintain a stable gB-expressing cell line. Therefore, in thespanning segments are 0.37, 0.66, and 0.78, respectively
(Fig. 2). Therefore, segments 2 and 3 may have the poten- present study, gB products from BHV-1-infected MDBK
cells were used as an authentic gB control. The authentictial to span the membrane as an anchor to help protein
retention, which has been shown in studies of HSV-1 gB gB exists as a 130-kDa heterodimer, which contains a 74-
kDa N-terminal subunit, gBb, and a 55-kDa C-terminal(Rasile et al., 1993; Gilbert et al., 1994). Based on the
assumption that segment 2 or 3 can be used as a mem- subunit, gBc, generated by proteolysis. The subunits are
linked by intramolecular disulfide bonds to form an intactbrane anchor independently, two truncated forms of gB,
gBtM, and gBtMA, which represent residues 1–807 and molecule, whereas some gB remains uncleaved (Fig. 4)
(van Drunen Littel-van den Hurk and Babiuk, 1986). Cleav-1–829 of BHV-1 gB respectively, were expressed (Fig.
3). A previously expressed gBt containing residues 1– age also occurred in all recombinant forms of gB such
that they all have the N-terminal subunit which is in the763 of gB was used as a control in the present study (Li
et al., 1995; 1996a). Another recombinant gB, gBtDAF, same position as the authentic gBb, with an apparent
molecular weight of 74 kDa (Fig. 4, lane gB). The cleavedwas derived from fusing a 41-amino-acid fragment from
the human decay-accelerating factor (hDAF) carboxyl tail C-terminal subunits of gBt, gBtM, gBtDAF, and gBtMA can
be identified on the gel at different positions with molecu-to the C-terminus of gBt. The DAF fragment may provide
a signal for the addition of a glycosyl phosphatidylinositol lar weights of 38, 42, 43, and 44 kDa, respectively (lanes
gBt, gBtM, gBtDAF, gBtMA), which is smaller than the(GPI)-based membrane anchor for the gBtDAF chimeric
protein (Medof et al., 1986; Caras et al., 1987). All the authentic 55-kDa gBc as expected (lane gB). For each
recombinant gB, a portion of the molecules remained asrecombinant gB genes were expressed under the control
of a previously described bovine heat-shock protein an uncleaved product (Fig. 4). Based on their mobilities
under reducing and nonreducing conditions, we sus-hsp70A gene promoter (Kowalski et al., 1993; Li et al.,
1996a). pected that these recombinant forms of gB are structurally
similar to authentic gB.Expression of recombinant forms of gB was analyzed
by immunoprecipitation under reducing conditions (Fig. 4). In this experiment, we also compared the samples of
cell lysate (C) and medium (M). We observed that afterIt was found that the expression of the gB products can
be enhanced by heat-shock treatment (data not shown), overnight labeling, most of the gBt and gBtM was se-
creted, although there were trace amounts of precursorindicating that the recombinant gB genes were under the
control of the hsp70A promoter as expected. Previous forms left in the cells (Fig. 4). In cells expressing gBtDAF,
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FIG. 4. Immunoprecipitation of BHV-1 gB and the truncated derivatives. After overnight labeling with [35S]Met/Cys, the labeled cells (C) and the
media (M) were collected separately and precipitated with a gB-specific monoclonal antibody pool. The samples were separated on a SDS–8.5%
polyacrylamide gel under reducing conditions and visualized on X-ray film with different exposures. Lane gB is the sample from the wild-type (wt)
BHV-1-infected MDBK cells; lanes gBt, gBtM, gBtDAF, and gBtMA are samples from the corresponding transfected MDBK cell lines which express
gBt, gBtM, gBtDAF, and gBtMA, respectively. Molecular mass markers (M.W., kDa) are shown on the right.
we found that more than half of the expressed protein tion on the membrane. In cells expressing gBtDAF, there
was strong surface staining (D), whereas intracellularwas still cell-associated, indicating that the hDAF frag-
ment helps gBt to target on the cell membrane. The back- staining also indicated that most proteins were plasma
membrane-associated (d), which suggests that the trans-ground in lane gBtDAF was caused by overexposure in
order to match the other lanes. The expression of gBtMA port of gBtDAF from the ER to the Golgi is very efficient
and that this protein can be cell membrane-associated.showed a different pattern in that approximately half of
the expressed product consisted of a putative precursor In cells expressing gBtMA, both surface and intracellular
staining were evident (E, e), suggesting that the transportform which was retained inside the cells, while the other
half was the mature form and secreted after overnight of gBtMA was being delayed, whereas a small amount
of gBtMA was transported to and became associatedlabeling.
with the cell membrane. The stronger surface staining
Intracellular localization of gB derivatives by in gBtMA cells, compared to gBt and gBtM cells, has
immunofluorescence staining been repeatedly seen in several experiments. Surface
staining of gBtM was also stronger than that of gBt (dataTo analyze the distribution of the recombinant forms
not shown).of gB in MDBK cells, immunofluorescence staining was
performed (Fig. 5). All the cells including the BHV-1-in-
Maturation and transport of the recombinant
fected MDBK cells were stained for surface (Fig. 5, left
forms of gB
panel; capital letters) and intracellular expression (Fig.
5, right panel; small letters). In BHV-1-infected MDBK Immunofluorescence studies suggested that gBt is se-
creted, whereas gBtM, gBtDAF, and gBtMA are cell-asso-cells, there was perinuclear cytoplasmic staining (a) as-
sociated with strong surface staining (A), indicating that ciated to different degrees. To further characterize the
transport kinetics, we performed a pulse–chase experi-gB products are undergoing glycosylation in the ER and
the Golgi, and the mature proteins are targeted to the ment. BHV-1-infected MDBK cells were included as con-
trol and were pulse-labeled at 6 hr postinfection. Thecell surface. In gBt-expressing cells, there was very weak
surface staining (B) and only small amounts of perinucle- recombinant gB-expressing cells were labeled after heat-
shock treatment. After chasing with an excess amountarly distributed gBt (b), which supports our contention
that gBt is predominantly secreted. In gBtM-expressing of unlabeled Met/Cys for different intervals, cells and
media were collected separately and subjected to immu-cells, the surface (C) and perinuclear staining (c) was
slightly stronger than that in gBt cells, indicating that noprecipitation with a gB-specific monoclonal antibody
pool. In BHV-1-infected cells, a dominant cell-associatedsegment 2 may provide a weak function in protein reten-
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FIG. 5. Cell surface and intracellular localization of authentic and recombinant gB derivatives by immunofluorescence. MDBK cells were infected
with BHV-1 at a m.o.i. of 0.1 for 12 hr, whereas the recombinant gB-expressing MDBK cells were subjected to heat-shock treatment for 4 hr and
then incubated at 377 for 8 hr. The cells were fixed with 2% paraformaldehyde for surface staining (left panels, marked with capital letters), or further
permeabilized with methanol for intracellular staining (right panels, marked with lowercase letters). After incubation with gB-specific monoclonal
antibodies, the expressed gB products were visualized by incubation with FITC-conjugated goat anti-mouse IgG followed by fluorescence microscope
examination. A,a: BHV-1 infected MDBK cells. B,b: gBt expressing cells. C,c: gBtM expressing cells. D,d: gBtDAF expressing cells. E,e: gBtMA
expressing cells. n: mock-infected MDBK cells.
AID VY 8372 / 6a28$$8372 01-02-97 13:05:37 viral AP: Virology
46 LI ET AL.
of the mature gBtM was secreted, there still was a visible
amount of precursor and mature form left inside the cells
(Fig. 6, gBtM). This result suggests that gBtM may have
a weak intracellular retention, which is caused by seg-
ments 1 and 2, the hydrophobic carboxyl tail. The gBtDAF
protein showed the same pattern of maturation as au-
thentic gB and gBt (Fig. 6, gBtDAF). After a chase period
of 180 min, all of the precursor progressed to the mature
form. However, the protein secretion pattern in gBtDAF
cells was different from that in the gBt cells. By 360 min
of chase, most labeled protein was still retained in the
cells. A trace amount of labeled product could be found
in the medium, which is consistent with previous reports
using the hDAF-derived GPI anchor (Caras and Weddell,
1989; Liang et al., 1995). In gBtMA-expressing cells, a
significant amount of the precursor form was retained
inside the cells even after 360 min chase (Fig. 6, gBtMA).
In these cells, only small amounts of precursor were
transported to the Golgi and completely glycosylated,
suggesting that the overall transport was delayed. The
mature gBtMA was secreted out of the cells, indicating
FIG. 6. Maturation and transport of truncated gB derivatives exam- that the membrane retention was not very stable without
ined by pulse–chase analysis. MDBK cells were infected by wild-type
the cytoplasmic region of gB.BHV-1, pulsed–labeled with 200 mCi/ml of [35S]Met/Cys for 10 min at
6 hr postinfection, and then chased with unlabeled media for different
intervals. The truncated gB-expressing cells were subjected to heat- PI-PLC treatment and Triton X-114 partitioning of
shock treatment before pulse– chase. After each chase interval, cells
gBtDAF-expressing cellsand media were collected separately. Samples were immunoprecipi-
tated with a gB-specific monoclonal antibody pool and separated on
From the immunofluorescence study, we found thata SDS–7.5% polyacrylamide gel under nonreducing conditions. Wild-
gBtDAF-expressing cells do have stronger surface stain-type gB and the truncated forms of gB are identified on the left. Molecu-
lar mass markers (M.W., kDa) are shown on the right. M: mature prod- ing than gBt- or gBtM-expressing cells (Fig. 5). The trans-
uct. p: precursor form. The chase intervals are indicated on top in min. port kinetic study also suggests that gBtDAF is a cell-
associated protein (Fig. 6). In order to demonstrate that
this chimeric protein is tethered to the cell membrane117-kDa protein was detected after 10 min of labeling,
which represents the high mannose oligosaccharide- via the GPI anchor, we used two approaches to study the
gBtDAF-expressing cells. First, cell surface expression ofcontaining gB precursor (Fig. 6, BHV-1 gB, p) (van Drunen
Littel-van den Hurk et al., 1985; 1989). This gB precursor gBtDAF before and after PI-PLC treatment was analyzed
by flow cytometric analysis. BHV-1-infected MDBK cells,was subsequently chased into a 130 kDa fully glycosyl-
ated mature gB (Fig. 6, BHV-1 gB, M). After a chase which showed no difference in surface staining before
or after PI-PLC treatment, were included as a controlperiod of 180 min, there were no precursor forms visible,
whereas all of the labeled protein was mature and asso- (data not shown), demonstrating that this enzyme does
not remove authentic gB from the cell surface. However,ciated with the cells. Previously, we found that at 6 hr
postinfection, it took about 50 min for half of the precursor treatment of gBtDAF cells with PI-PLC showed that it can
remove some of the surface gB product, resulting in ato become mature protein (Li et al., 1996c). A similar
pulse–chase pattern was observed in gBt-expressing decrease in surface staining, as expected (Fig. 7A). It is
of interest to note that after PI-PLC treatment, there iscells except that the mature gBt accumulated in the me-
dium rather than in the cells. The gBt precursor had an only a small shift in staining intensity (Fig. 7A, box d).
Although we repeated this experiment several times, weapparent molecular weight of 90 kDa, which was chased
into a 115-kDa mature gBt in 60–180 min (Fig. 6, gBt). could not reduce the signals to background level after PI-
PLC treatment, which is consistent with previous studiesPrevious densitometer scanning results suggested that
gBt has a conversion rate similar to that of authentic gB (Caras and Weddell, 1989; Liang et al., 1993, 1995).
A further study was carried out by Triton X-114 parti-(Li et al., 1996c). By 360 min of chase, all of the gBt was
in the medium. In gBtM-expressing cells, the precursor tioning (Fig. 7B). The temperature-induced phase separa-
tion of Triton X-114 is a powerful technique for identifyinghad an apparent molecular weight of 93 kDa, and the
mature product had an apparent molecular weight of 120 GPI-anchored membrane protein (Hooper and Bashir,
1991). At low temperature, samples extracted by TritonkDa (Fig. 6, gBtM). Its maturation was slower than that
of gBt, such that at 180 or 360 min, there still was precur- X-114 form a clear micellar solution which separates into
two phases at 377. All amphiphilic proteins (includingsor form in the cells. By 360 min of chase, although most
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gent-depleted phase (Fig. 7B, gBt, ND), whereas most
gBtDAF was in the detergent phase (Fig. 7B, gBtDAF, D)
with a small amount in the detergent-depleted phase
(Fig. 7B, gBtDAF, ND). Since the difference between gBt
and gBtDAF is the C-terminus from hDAF, our results
indicate that gBt is a hydrophilic protein and the hDAF
terminus on gBtDAF provides the signal for GPI anchor-
ing. The trace amount of gBtDAF in the detergent-de-
pleted phase suggests that some of the gBtDAF products
may not associate with the lipid compartment, a phenom-
enon which may be the result of cleavage of the lipid
anchor with cellular enzymes. Combining our PI-PLC
data with the Triton-X-114 partitioning, our results indi-
cate that gBtDAF is a membrane-associated glycopro-
tein, which is anchored by a GPI anchor.
Conformational studies of recombinant gB derivatives
In order to determine the potential function of recombi-
nant forms of gB, their conformational status, including
ability to form oligomers, and reactivity with individual
gB-specific monoclonal antibodies was analyzed. Pre-
viously, we found that BHV-1 gB forms dimers (Li et al.,
1996b). In the present study, all the samples were labeled
for 8 h and processed for sucrose gradient sedimentation
and immunoprecipitation. In authentic gB (Fig. 8A), the
precursor was present as monomeric (fractions 11 and
12) and dimeric forms (fractions 7 and 8), whereas mature
gB predominantly consisted of dimers. Like authentic gB,
all the recombinant gB derivatives also formed oligomers
(Fig. 8B).
Previously, a panel of gB-specific monoclonal antibod-
ies has been established and characterized (van Drunen
Littel-van den Hurk et al., 1984, 1985, 1986, 1989, 1990).
These antibodies can be used to verify the proper folding
of the recombinant gB derivatives, since some only rec-FIG. 7. Analysis of surface-expressed gBtDAF. (A) Flow cytometric
ognize epitopes following proper glycosylation or folding.analysis in response to PI-PLC treatment. Subconfluent gBtDAF-ex-
pressing cells were subjected to heat-shock treatment and then incu- An immunoprecipitation assay was designed to compare
bated at 377 for 6 hr. Cells were trypsinized and suspended in MEM the reactivities of these recombinant forms of gB to indi-
containing 2% heat-inactivated FBS and 0.05% sodium azide. Half of vidual monoclonal antibodies (Fig. 9). In this experiment,the cells was treated with 5 mg PI-PLC (lower panel,/PIPLC), the other
cell and medium fractions were combined and immuno-half was used as control (top panel, 0PIPLC). After PI-PLC treatment,
precipitated. Therefore, the potential appearance of twosamples were incubated with (II, II*) or without (I, I*) gB-specific mono-
clonal antibodies, followed by incubation with FITC-conjugated goat precipitated bands represents precursor and mature
anti-mouse IgG. After staining, cells were subjected to flow cytometry forms of gB product, respectively. It was found that most
analysis. Cell numbers and the intensity of surface staining are indi- of the monoclonal antibodies were as reactive with thecated on the vertical and horizontal axes, respectively. Box ‘‘d’’ repre-
recombinant forms of gB as authentic gB. This resultsents the peak shift after PI-PLC treatment. (B) Triton X-114 partitioning.
indicates that at least for the gBb portion, all the recombi-Cells expressing gBt or gBtDAF were radiolabeled and suspended in
cold TBS before 2% Triton X-114 extraction. The clear supernatant was nant forms of gB have an authentic conformation. How-
incubated at 377 until the solution became cloudy and then centrifuged ever, we found that the recombinant gB derivatives could
at 1000 g for 10 min. Both the detergent-depleted phase (ND) and the not react with one monoclonal antibody, 1B10, whichdetergent phase (D) were collected, subjected to immunoprecipitation,
recognizes epitope I on authentic gB from virus-infectedand analyzed by SDS–8.5% PAGE. Molecular mass markers (MW, kDa)
cells or gB-transfected cells (Fitzpatrick et al., 1990b).are shown on the right.
This epitope was previously shown to be located be-
tween residues 744 and 763 (Fitzpatrick et al., 1990b),
a segment which is present in all our recombinant gBthose with GPI anchors) associate with the detergent
phase, while hydrophilic ones are in the detergent-de- derivatives. A possible explanation is that in recombinant
forms of gB, the conformation around epitope I has beenpleted phase. In our experiment, gBt was in the deter-
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changed, thereby preventing interaction with the 1B10
antibody.
Cell fusion in recombinant gB expressing cells
In this study, four recombinant MDBK cell lines were
established to express different gB derivatives under the
control of the same promoter. Among the four recombi-
nant gB expressing cell lines, gBt- and gBtM-expressing
cell lines were indistinguishable from the parental MDBK
cells (Figs. 10A, 10B, and 10C). The cell line which ex-
presses gBtDAF showed a morphology slightly different
from that of normal MDBK cells in that the cells appeared
detached and elongated. This phenotype may be caused
by accumulation of recombinant gB in the membrane,
although no cell fusion was observed (Fig. 10D). A signifi-
cant observation for the gBtMA-expressing cell line was
that the expression of gBtMA caused cell fusion (Fig.
10E, e). The recombinant gBtMA on the membrane of
expressing MDBK cells resulted in polykaryocyte or syn-
cytium formation. We estimated that the frequency of
polykaryons formation was about 10% in this cell line at
confluency; therefore, we had to pass the cells frequently
FIG. 9. Immunoprecipitation of truncated gB derivatives with individ-
ual gB-specific monoclonal antibodies. The wild-type BHV-1-infected
MDBK cells (gB) and the truncated gB-expressing cells were radiola-
beled overnight. Samples of cell lysate and medium were combined
and immunoprecipitated with individual gB-specific monoclonal anti-
bodies. Samples were separated on SDS–7.5% polyacrylamide gels
under nonreducing conditions. The antibody designations and their
corresponding epitopes are indicated on top. On the left is the sample
from different gB derivatives.
before they reached confluency and caused extensive
fusion.
DISCUSSION
In this report, we describe expression and character-
ization of different gB derivatives in MDBK cells, which
results in the identification of the possible fusogenic do-
main in BHV-1 gB.
To facilitate the fusogenic activity, the fusion domain
must be associated with the transmembrane anchor. InFIG. 8. Sucrose gradient sedimentation study of BHV-1 gB and trun-
cated gB derivatives. BHV-1-infected MDBK cells or heat-shocked re- this study, different C-terminal transmembrane anchors
combinant gB-expressing cells were labeled with 50 mCi/ml [35S]Met/ were provided in order to target different truncated forms
Cys for 8 hr and then lysed in 0.3 ml lysis buffer. The cell lysates were of gB on the cell surface. Among them, gBtM and gBtMA
layered onto 5-ml continuous 5 – 20% (w/v) sucrose gradients prepared
were designed to utilize segment 2 (hydrophobicity 0.66)in lysis buffer and centrifuged for 16 hr at 240,000 g (45,000 rpm). After
and segment 3 (hydrophobicity 0.78) of BHV-1 gB as thecentrifugation, 15 fractions were collected from the bottom (fraction 1
is the first bottom fraction). All fractions were subjected to a immunopre- membrane anchor, respectively. A previously truncated
cipitation assay and the precipitates were separated on a SDS–7.5% gB, gBt, was found to be completely secreted into the
polyacrylamide gel. Protein mass markers were spun in a parallel tube medium, indicating that gBt does not have the membrane
which included ferritin (440 kDa), catalase (250 kDa), and hexokinase
anchor and cannot have fusogenic properties. The corre-(100 kDa). Fractions containing the protein markers are indicated with
sponding gBt-expressing cell line shows no morphologi-arrows. On the right are the molecular mass markers on the gel (M.W.,
kDa). cal change in comparison to parental MDBK cells. After
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FIG. 10. Morphology of recombinant gB-expressing MDBK cells. Cells were incubated overnight at 377 after heat induction, then stained with
Diff-Quik stain (Dade Diagnostic Inc., Aguada, Puerto Rico), and photographed (amplification is 3001). (A) Normal MDBK cells. (B) gBt-expressing
cells. (C) gBtM-expressing cells. (D) gBtDAF-expressing cells. (E, e) gBtMA-expressing cells under large field (amplification is 801) and a typical
polykaryocyte, respectively.
we provided segment 2 as the potential anchor, gBtM sile et al., 1993; Gilbert et al., 1994). However, in gBtM-
expressing cells, even when we examined the cells atshowed slightly stronger membrane retention than gBt
(Figs. 5 and 6). This result supports our contention that different time points, no cell fusion was observed (Fig.
8). In gBtMA, segment 3 is included following segmentsegment 2 may play a role as the membrane anchor for
gBtM, which is consistent with studies of HSV-1 gB (Ra- 2 at the carboxyl terminus. This segment has the highest
AID VY 8372 / 6a28$$$304 01-02-97 13:05:37 viral AP: Virology
50 LI ET AL.
hydrophobicity, which is close to that of the average geted to the cell membrane like other GPI-anchored
membrane proteins (Figs. 5, 6, and 7). It was previouslytransmembrane domains. In addition, the corresponding
segments in gB of HSV-1 and HCMV have been demon- demonstrated that the GPI anchor associates only with
the outer leaflet of the membrane lipid bilayer, whichstrated to be the real membrane anchors (Rasile et al.,
1993; Gilbert et al., 1994; Reschke et al., 1995). In this enables the protein to project into the extracellular space
while the anchored protein does not mediate completestudy, the recombinant gBtMA was found to have a de-
layed transport to the Golgi. Most precursor forms were fusion (Weiss and White, 1993; Kemble et al., 1994;
Ragheb and Anderson, 1994). The GPI anchored gBtDAFcell-associated, whereas a small amount of mature
gBtMA was moved to the cell membrane (Figs. 4, 5, and was found to have strong membrane retention in gBtDAF-
expressing cells. However, the overexpression and accu-6). However, without the cytoplasmic domain, the anchor-
age of gBtMA on the cell surface was unstable and the mulation of recombinant gBtDAF on the cell membrane
only caused the cells to have a relatively poor growthmature proteins were secreted into the medium (Figs. 4
and 6). This phenomenon has not been previously re- behavior with minor changes in morphology. These ob-
servations support that the fusion in gBtMA cells isported according to our knowledge. Even with the unsta-
ble anchorage of the gBtMA on the cell membrane, or caused by specific activity introduced by gBtMA expres-
sion.the retention of precursors in the nuclear membrane and
ER, gBtMA was still able to cause cell fusion (Fig. 10). A popular working hypothesis for the mechanism of
action of fusion peptides is that the membrane-anchoredPreviously, the incompletely glycosylated gB has been
shown to have fusogenic properties (van Drunen Littel- fusion domain can be modeled as an amphipathic a-
helix with most of the bulky hydrophobic residues on onevan den Hurk et al., 1992), which is consistent with our
finding that cell fusion occurs in the precursor-rich face, such that the fusion protein can interact simultane-
ously with both the viral and the target membrane (BlobelgBtMA cells. When we compare gBtM- and gBtMA-ex-
pressing cells, both show surface staining (Fig. 5) and et al., 1992; White, 1992). These amphipathic a-helix
structures are also well conserved in segment 2 of gBcell association after a 3- or 6-hr chase, suggesting that
segment 2 and segment 3 may independently play a role in all herpesviruses (Fig. 11). This provides another line
of evidence to support its function as the fusion domainas the membrane anchor. In both cases, the membrane
retention caused by the C-terminal fragments, segment in gB. In Fig. 11, we evaluated sequences of segment 2
from gB of different herpesviruses as potential fusion2 or 3, has been shown to be unstable. These segments
may only retain the gB products on the cell membrane domains. Although they all appear to be amphipathic
structures, the accurate window of the fusion domainsfor a limited time. Nevertheless, the anchored gBtM does
not cause fusion, whereas gBtMA does, indicating that needs to be determined.
Based on sequence analysis and experimental evi-there may be no fusogenic domain from residues 506 to
784 when segment 2 is used as anchor. Although their dence, we propose that segment 2 is the fusion domain
of gB in herpesviruses. Previously, gB-specific antibodieslevel of expression in the transfected cells was not signif-
icantly different, the amount of membrane-associated were found to have postadsorption neutralization activity
which may block fusion (Highlander et al., 1988; Dubuis-gBtM was lower than that of gBtMA. This observation
may argue that gBtM does not promote fusion because son et al., 1992; Navarro et al., 1992). Mutations in the
cytoplasmic region of gB can produce a syncytium phe-there is too little of it on the cell surface. At this moment,
we cannot exclude the possibility that there are other notype (Bzik et al., 1984; Cai et al., 1987, 1988; Baghian
et al., 1993; Gage et al., 1993), and mutations in thefusion domains on gB. However, our results support the
contention that segment 2 may be the fusion domain, extracellular domain of gB also change the rate of pene-
tration of virus into cells (Bzik et al., 1984; Highlander etwhen segment 3 is used as the anchor. By expressing
truncated HCMV gB derivatives, Tugizov et al. (1995) al., 1989) or block entry (Cai et al., 1987). Based on the
proposed location of the fusion domain in gB, we believefound that truncation in domain D1 (residues 411–447)
did not affect syncytium formation, whereas deletions that antibodies or mutations of gB may indirectly affect
the fusion domain by influencing the functional conforma-across the C-terminal subunit around segment 2 resulted
in dramatic inhibition of fusion, suggesting that the fusion tion of gB. It has been suggested that communication
between the external and cytoplasmic domain may bedomain of HCMV gB may also be located close to seg-
ment 2. In another recent study of HCMV gB (Bold et required for gB-mediated membrane fusion events (Gage
et al., 1993). This supports our contention that the cyto-al., 1996), a similar region (hd1, residues 714–747) was
proposed to be the potential fusion peptide. plasmic region provides a conformational signal to the
fusion domain. Mapping of the fusion-related epitopesTo support our contention that the fusion of gBtMA
cells is caused by the fusogenic property of recombinant by monoclonal antibodies may also be explained by the
fact that monoclonal antibodies interfere with the confor-gBtMA rather than an unspecific phenomenon, caused
by protein anchorage, we expressed gBtDAF, which has mation of fusion domain to produce the fusion-inhibition
mode of neutralization (Fuller and Spear, 1985, 1987; Ful-the signal for a GPI-based membrane anchor (Medof et
al., 1986). This chimeric protein was successfully tar- ler et al., 1989; Highlander et al., 1987, 1989; Kuhn et al.,
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be a complex process. Monoclonal antibodies against
different viral glycoproteins appear to have similar post-
adsorption neutralizing activity, which is actually caused
by blocking fusion (Fuller and Spear, 1985, 1987; Fuller
et al., 1989; Highlander et al., 1987, 1989; Kuhn et al.,
1990). This diversity of targets of neutralizing antibodies
indicates the complexity of the fusion process. As gB
plays a central role in fusion, the other proteins may
modulate gB fusion activity in a complex way. Therefore,
they may cooperatively work in order to present the fu-
sion activity when it is needed, and the process is opti-
mized such that we normally cannot see fusion in cell
culture. Any change in this complex cooperation may
result in changes in fusion such as syncytium mutations.
In addition to gB, mutation-related syncytium phenotypes
have been found in gK, which may be the fusion inhibitor
(Hutchinson et al., 1992, 1993, 1995a,b), the UL20 gene,
a membrane protein (Baines et al., 1991; MacLean et al.,
1991), and the UL24 gene (Sanders et al., 1982; Jacobson
et al., 1988). In support of this contention, BHV-1 gD was
previously suggested to modulate virus–cell interac-
tion(s) involved in productive virus penetration, most
likely gB’s fusogenic activity (Liang et al., 1995).
Based on the sequence analysis, all herpesvirus gB
homologues have a very conserved proline between seg-
ments 2 and 3, which is probably very important in regu-
lating the position of segment 2. Proline has been shown
to be critical in the formation of the tertiary structure of
proteins (Nall, 1989). It has been found near the center
of the internal fusion peptides to kink the amphipathic
a-helix (White, 1992). In herpesvirus gB, the close loca-
tion of the fusion domain and the transmembrane anchor
may suggest a unique mechanism for the exposure of
FIG. 11. Potential fusion peptides of selected herpesviruses. The the fusion domain. During viral infection, interactions be-
sequences of segment 2 of selected herpesvirus gBs are plotted in the tween viral proteins and cellular receptors may establishhelix format, with the hydrophobic face encircled. The bottom residue
the appropriate condition that exposes the fusion domainrepresents the first residue in segment 2. The hydrophobic residues
of gB. It is likely that after these interactions, the prolineare in bold and italic.
may help the fusion domain to position itself. At this time,
we have no evidence for this assumption.
Previously, we demonstrated that BHV-1 gB has two1990). Previously, one monoclonal antibody of BHV-1 gB,
1B10, has been found to have the highest inhibition for types of cell binding sites for cellular HS and non-HS
receptors (Li et al., 1995). The high-affinity binding to thegB-induced fusion (van Drunen Littel-van den Hurk et al.,
1992). The epitope for this antibody is located between non-HS receptor is important for productive infection with
BHV-1. After blocking the high-affinity binding receptorresidues 744 and 763 (Fitzpatrick et al., 1990b), which is
very close to segment 2, supporting the hypothesis that on cells by exogenous gB, virus entry may be blocked
(Liang et al., 1991; Li et al., 1995). A possible explanationit functions by blocking gB fusion. However, the fusion
can also be inhibited by monoclonal antibodies located is that the high-affinity binding between viral gB and the
cellular receptor is required for the gB-induced fusionin the N-terminal subunit, for example, the epitope IV
between residues 68 and 119 (van Drunen Littel-van den which mediates viral penetration. It has been found that
the cytoplasmic part of gB has a role in maintaining theHurk et al., 1992). These antibodies do not directly react
with the fusion domain; however, they may block the conformation as well as the high-affinity binding site of
gB (Li et al., 1996b). This result also suggests the impor-conformation required for fusion. Similar observations in
HSV-1 gB have been reported by Navarro et al. (1993), tance of interactions between different parts of gB. In our
study, based on oligomerization and monoclonal anti-in that among the three domains in HSV-1 gB which are
involved in fusion, two of them, D1 and D5a, correspond body reactivity, we demonstrated that all our recombinant
gB derivatives have a correct structure like authentic gB,to the BHV-1 gB epitopes IV and I, respectively.
The fusion process in herpesviruses is believed to at least in the N-terminal subunit. However, for the C-
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sequence of a region of the herpes simplex virus type 1 gB glycopro-terminal subunit, the only available monoclonal antibody,
tein gene: Mutations affecting rate of virus entry and cell fusion.1B10, was not reactive with the recombinant forms of gB
Virology 137, 185–190.
(Fig. 9). This result may suggest that due to the truncation Cai, W., Gu, B., and Person, S. (1988). Role of glycoprotein B of herpes
in the cytoplasmic region, the conformation, at least simplex virus type 1 in viral entry and cell fusion. J. Virol. 62, 2596–
around epitope I, was changed in the recombinant forms 2604.
Cai, W., Person, S., Warner, S. C., Zhou, J., and DeLuca, N. A. (1987).of gB. Although we previously found that this epitope is
Linker-insertion nonsense and restriction-site deletion mutations ofimportant for maintaining the high-affinity binding site of
the gB glycoprotein gene of herpes simplex virus type 1. J. Virol. 61,gB (Li et al., 1996b), the loss of this epitope does not
714–721.
affect the function of the fusion domain. This supports Campadelli-Fiume, G., Avitabile, E., Fini, S., Stirpe, D., Arsenakis, M.,
the contention that the fusogenic activity of gB during and Roizman, B. (1988). Herpes simplex virus glycoprotein D is suffi-
cient to induce spontaneous pH-independent fusion in a cell lineBHV-1 infection may be modulated in a complex manner,
that constitutively expresses the glycoprotein. Virology 166, 598–whereas in gB-expressing cells, a different mechanism
602.may apply.
Caras, I. W., and Weddell, G. N. (1989). Signal peptide for protein secre-
In summary, we found that in BHV-1 gB, segment 3 tion directing glycophospholipid membrane anchor attachment. Sci-
(residues 808–828) may be the real membrane anchor, ence 243, 1196–1198.
whereas segment 2 may be important for fusion. The Caras, I. W., Weddell, G. N., Davitz, M. A., Nussenzweig, V., and Martin,
D. W., Jr. (1987). Signal for attachment of a phospholipid membranefunction and the structure of this region is probably con-
anchor in decay accelerating factor. Science 238, 1280–1283.served in all herpesviruses. However, fusion activity in
Dubuisson, J., Israel, B. A., and Letchworth, G. J., III (1992). Mechanismsherpesviruses is a complex process which involves many
of bovine herpesvirus type 1 neutralization by monoclonal antibodies
different viral and cellular components. For gB, the struc- to glycoproteins gI, gIII and gIV. J. Gen. Virol. 73, 2031–2039.
tural requirements and mechanism for fusion are far from Eisenberg, D., Schwarz, E., Komaromy, M., and Wall, R. (1984). Analysis
clear. More mutagenesis and more chimeric proteins of membrane and surface protein sequences with the hydrophobic
moment plot. J. Mol. Biol. 179, 125–142.need to be studied to define the fusion domain.
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